WO 2005/002714 



PCT/US2004/017498 



Supported Catalysts Using Nanoparticles As The Support Material 

FIELD OF THE INVENTION 
The present invention relates generally to catalytic materials and more particularly to 
5 catalysts composed of metal oxide on which is supported another metal oxide. The support 
comprises nanometer-sized metal oxide particles. 

BACKGROUND OF THE INVENTION 
Supported metal oxide catalysts are one of the major forms of materials used as 
heterogeneous catalysts. They are composed of an active material deposited on the surface of a high- 
10 surface area support, which the nominal purpose of achieving high dispersion of the active material. 
However, the support material may contribute to catalysis also, by providing or generating new 
active sites. With compositions spanning across the Periodic Table, supported metal oxide catalysts 
are found in industrial chemical processes, commercial applications, and environmental protection, 
such as automobile catalytic converters, NOx reduction from power plants, petroleum refining, drug 
1 5 manufacture, and petrochemicals processing. 

The preparation method for these catalysts typically involves soaking the support metal 
oxide in a solution containing the solubilized precursors of the metal oxide to be supported. Drying 
causes the precursor to adsorb on the surface of the support metal oxide and calcination at high 
temperatures converts it to a metal oxide. This impregnation method ensures the active phase is 
20 exposed on the support surface and is commonly used to prepared commercial catalysts. This 
method has several drawbacks, namely: the amount of active phase that can be supported is 
relatively low (compared to precipitation, the other common method to industrial catalysts); the 
distribution of active phase throughout the catalyst may not be uniform; and the support material is 
typically composed of a random microstructure. Hence it is desired to provide a catalyst that avoids 
. 25 th^Kiortcomings of the prior art. 

SUMMARY OF THE INVENTION 
The present invention features mesoporous metalated metal oxides, in which one metal oxide 
is the active phase and die support comprises metal oxide nanoparticles. Catalysts in accordance 
with the present invention show good distribution of the active phase and enhanced catalytic activity. 
30 Techniques useful for preparing catalysts in accordance ^fcth the present invent^h are known and are 
disclosed in ML S. Wong,-E. S. Jeng, aftd J. Y. Ying, "Supramolecular Templating of Thermally 
Stable Crystalline MesoporoiS Metal Oxides Using Nanoparticulate Precursors," Nano Lett. 1, 637— 
642 (2001j£ which is incorporated herein by referenced ^ * / . - * " r" 

? n Tn certain embodiments, a colloidal suspensiotrof Zr02 nanoparticles is combined with a 

35 surfactant solution and a metatungstate anion solution, fonning an organic-inorganic mesostructured 
material. After 4he sw&<sto& iswiiiovea through <catcination, a mesTopbtoUs tungstated zirconia is 
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formed (named WZr-TMS14). WZr-TMS14, or nano-W03/Zr02, has been found to be ~7 times 
more active (per active site on the catalyst) than the conventional material for methanol oxidation, 
even after accounting for the higher surface area and greater W03 content of nano-W03/Zr02. In 
other embodiments, the tungsten is replaced with vanadium, zirconium, or other metal and/or the 
5 zirconia is replaced with titania, alumina, or other metal oxide. 

The present nanoparticle-based supported metal oxide catalysts could replace conventional 
catalysts in industrial chemical processes, commercial applications, and environmental protection, 
such as automobile catalytic converters, NOx reduction from power plants, petroleum refining, drug 
manufacture, and petrochemicals processing. They could be also used as additives in the above 
10 applications. 

The present compositions and methods provide a combination of features and advantages 
that overcome various problems of prior catalytic systems. The various characteristics described 
above, as well as other features, will be readily apparent to those skilled in the art upon reading the 
following detailed description of the preferred embodiments of the invention, and by referring to the 
1 5 accompanying drawing. 

BRIEF DESCRIPTION OF THE DRAWINGS 
For a more detailed description of the preferred embodiment of the present invention, 
reference will now be made to the accompanying drawing, which is a schematic diagram illustrating 
a possible mechanism for the self-assembly of the present catalysts. 
20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention comprises a highly effective catalyst system and methods for making 
same, hi preferred embodiments, a metal oxide precursor is mixed with nanoparticles of a metal 
oxide support in a solution that contains a surfactant The surfactant serves as a template for the 
metal oxide particles, which in turn support a self-assembled layer of the precursor salt species to 
25 the desired metal oxide layer. Referring briefly to the Figure, micelles of surfactant 10 are each 
surrounded by a plurality of metal oxide nanoparticles 20. Nanoparticles 20 are surrounded by the 

* * • ^- 

metal salt precursor. Once flie nanoparticles, metal salt precursor, and surfactant have self- 
assembled, calcination converts the salt species into a metal oxide layer and removes the surfactant 
to leave a porous structure. 

30 hi certain ^bodhnents, catalysts are made by combining the various' comj^nents or 

precursors thereofjn ajx aqueous solution. In the initial contacting step, an amount of a salt of the 
desired metal oxide is ac|ded to an aqueous solution containing a surfactant. After mixing, a 
colloidal sol of napppirtidles of flie desired support is added to flie mixture. The weight ratios of 
the ingredients in the resulting mixture are preferably in the range of 0.25 - 5.0 nanoparticles of 

35 desired s^>port : 0.1. - 5,0 oxide of deiirjfc^Qtive metal. ; 0.1 to 5 .surfactant : 5 -25 water. More 
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preferred weight ratios of the ingredients in the resulting mixture are in the range of 0.5 - 2.0 
nanoparticles of desired support : 0.2 - 1.0 oxide of desired active metal : 0.2 to 1 surfactant : 10 - 
15 water. The weight ratios in an exemplary mixture for making WZr-TMS14 can be 1.0 Zr0 2 : 
0.5 (NH4)6H 2 Wi 2 O40 : 0.5 surfactant : 11.9 H 2 0. 
5 The supramolecular templating synthesis of catalyst systems is believed to entail the 

cooperative electrostatic and hydrogen bonding interactions among the three components in order 
for self-assembly to occur. The three components are known to assume a charge in solution under 
the low pH conditions used. The colloidal metal oxide particle surfaces are positively charged 
when the synthesis pH (-0.5) is below the point of zero charge (pzc) for that metal oxide. For 

10 example, pzczirconk = 4-6. The active metal species, e.g. metatungstate, is a negatively-charged 
molecular cluster at low to neutral pHs. In feet, low pHs favor the formation of metatungstate and 
other isopolytungstates. Likewise, triblock copolymer surfactant micelles are postulated to carry a 
positive charge via hydrogen bonding of the polyethylene oxide) corona (surrounding the 
poly(propylene oxide) core) with hydrated protons, in a manner similar to polyethylene glycol. 

15 By way of example, the formation of WZr-TMS 14 can be described through a (S 0 !! 4 )^*) 

pathway, in which S° represents the nonionic surfactant; H 4 ", the proton; T, the metatungstate; and 
C*, the inorganic colloid. Through attractive electrostatic interactions, the metatungstate species 
bind to the surfaces of both hydrogen-bonded micelle and zdrconia colloid moieties to form WZr- 
TMS 14, as shown in the Figure. It has been discovered that WZr-TMS 14 and the other 

20 compounds described herein differ from previously known compounds in two ways: the inorganic 
anion is incorporated into the material and the metal oxide precursor is colloidal in nature. 
Variations 

The surfactant can be any ethylene oxide polymer, and is preferably selected from the group 
of block copolymers. Suitable polymer surfactants idclude but are not limited to non-ionic 

25 poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer with the 
structural formula EO^OjoEO^, where EO represents ethylene oxide (-CH 2 -CH 2 -0-) and PO 
represents linear propylene oxide (-CH 2 -CH 2 -CH 2 -0-) chains, with a molecular^eight of -5750, 
sold under the trademark Piuronic® P123 by BASF,; EO5PO70EO5 with a molecular weight of 
-4400; EO106PO70EO106 with a molecular weight of -12600, and EOnPOeoEOn with a molecular 

30 weight of -4950. Other suitable catalysts include positively charged surfactants such as hexadecyl 
trimethyl ammonium^ or the brbiyride thereof cetyl trimethyl ammonium bromide (CTAB). Wheir 
thes^urfectants are used, it is preferred that the initial solution has a higher surfactant concentration 
than that of EQxPOyEOz surfactants. In addition it is preferred that the solution temperature be 
maintained above ambient but below boiling, preferably in the range of 20-80°C and more preferably 

35. m the range of 40-80°C.* 
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It was found that the pore size of the final composition could be controlled by varying the 
size of the surfactant molecules and the relative sizes of the hydrophilic PEO and hydrophobic PPO 
blocks. For example, for a given surfactant MW, greater hydrophobicity favors formation of a 
mesoporous material with a higher surface area. Likewise, for a given hyrophobicity, surfactants 
5 with higher MWs lead to materials with higher surface areas and larger pore sizes. Polymers that 
have high MWs and are highly hydrophilic result in nonporous materials. 

The tungsten can be replaced with any desired catalytically active metal, including but not 
limited to vanadium, niobium, tantalum, rhenium, rhodium, rubidium, cobalt, iron, manganese, and 
molybdenum (oxides including W0 3 , V 2 OS, NbaOS, Ta 2 OS, Re0 2 , M0O3), any of which can be 
10 used alone or in combination with one or more of the others. In addition, metal non-oxides, such as 
CdS, can be used. 

Similarly, the zirconia nanoparticles can be replaced with titania, alumina, cesia, antimony 
hafiria, or silica (Ti0 2 , A1 2 0 3 , Ce0 2 , HfD 2 , SbiOs, Si0 2 ), each of which can be used alone or in 
combination with one or more of the others. The nanoparticles can comprise a substantially pure 
15 metal oxide, or can be a blend of metal oxides. Blends of nanoparticles having differing 
compositions may also be used. Further variations in the support can include metal non-oxide 
nanoparticles, e.g., CdSe quantum dots, nanoparticles of different sizes, and nanoparticles of 
different shapes. 

The support metal(s) can be introduced as a solution of the desired metal oxide salt, or as a 
20 metal oxide precursor, such as a nitrate or chloride. If a colloidal sol of nanoparticles of the desired 
metal oxide is used, it is preferred that the nanoparticles be between 2 and 20 nm in diameter, more 
preferably between 2 and 10, and still more preferably between 5 and 10 nm in diameter. Colloidal 
sols of such particles are commercially available. 
^ While one embodiment of the present invention is described above, in which the catalyst 

25 system is formed, in an aqueous solution, alternate embodiments can also be used. For example, 
sol-gel processing,, described in detail below, achieves a similar result while avoiding the 
% precipitatioa regime. „ O 

. The present methods appear to allow formation of a layer of metal oxide that is amorphous, 
rather than microcrystalline, despite having a surface density greater than the monolayer value. For 
30 example, tungsten oxide can be conceptualized as an overlayer on the zirconia nanoparticles, which 
is substantiated by the higher W/Zr atomic ratio of the surface (1.44) than of the<bulk (6.23). The 
surface density of tungsten oxide on zirconia was determined to be 6.0 WCVnm 2 (or -10.0 
jxmol/m 2 ) from the measured tungsten oxide loading (30.5 wt %) and the overall surface area 
(130 m 2 /g). A surface density of 4.0 WCVnm 2 (6.6 jimol/m 2 ) has been reported to correspond to 
35 monolayer coverage of tungsten oxide oq a. zirconia support, based on laser Raman spectroscopy 
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studies and gas titration experiments. A surface density in excess of the monolayer value should 
lead to the formation of W0 3 microcrystals on a variety of metal oxide supports, but no such phase 
segregation was found in WZr-TMS14. The higher observed surface tungsten oxide density is 
consistent with the more extensively polymerized surface tungsten oxide species observed with in 
5 situ Raman spectroscopy. 

This overlayer model can be explored further by examining the surface area and tungsten 
oxide loading dependence on zirconia colloid size, assuming a spherical morphology for the 
zirconia particles. Using modeling based on surface area and density, a particle size of 5 nm was 
predicted to lead to a material with a surface area of -130 m 2 /g and a WO3 content of -30 wt%. 

10 These values are similar to the measured values for 600 °C~calcined WZr-TMS14. Thus, WZr- 
TMSI4 can be described accurately as a mesoporous framework comprising 5-nm zirconia colloid 
particles coated with tungsten oxide. 

It is known that the metal oxide layer is in the form of polymerized species, as detected 
through Raman spectroscopy. Generally, conventional metal oxides have only a small amount of 

15 this polymerized species. It is reasoned that the higher activities exhibited by the are the result of 
fewer microcrystallites in the catalytically active material. 
Examples 

Synthesis of nano- W03/ZrC>2 using surfactant templating 

The synthesis of mesoporous tungstated zirconia designated WZr-TMS14 was described 

20 previously [15]. Briefly, ammonium metatungstate ((NILOeHbWnC^o or M AWO", Strem) was 
added to a solution of Pluronic® P123 surfactant (MW - 5750, BASF). This surfactant is a non-ionic 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer with the 
structural formula EO24PO70EO20. A colloidal sol of zirconium oxide (Nyacol® ZrlO/20, 20 wt% 
Zr0 2 , PQ Corp.) was added to fee stirring solution, and immediate precipitation resulted. The final 

25 weight ratio of fee synthesis mixture was 1.0 Zr0 2 1 0.5 AWO : 0.5 Pluronic : 11.9 H 2 0. After 
stirring for 2 hr, fee mixture was left to age for 2 days at room temperature. A white precipitate 
was recovered, washed three times, and left to dry in air. After being ground into a fine powder, fee 
sample was calcined under flowing air at 600°C for 3 hr. 

Pluronic triblock copolymer surfactants of different chain lengths were also used as 

30 templating agents: L121 (EOsPOvoEds; MW ^00), F127 (EOioeTOoEOioe; MW -12600), P8£ 
(EO20PO39EO20; MW ~4200)/F87 (EOe^C^ECU MW -7700), and P103 (EO17PO60EO17; MW 
-4950). The same weight amount of templating agent was used fet all syntheses. Some * 
- dependence on fee surfactants' molecular weight (MW) and hydrophiie-lypophile balance (HLB) 
values was noted in fee WZr-TMS14 materials. Supramolecular templating was not successful 
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15 



using surfactant molecules with molecular weights >7700 and HLB values > 22. The molecular 
weight, surface area, and pore sizes are give in Table 1 below. 

Other zirconium oxide precursors were also employed to form the framework: zirconyl 
nitrate and zirconium chloride. The zirconium salts were introduced as 0.02 M solutions. The 
equivalent weight of metal oxide was used. 

The resulting WZr-TMS14 had a highly porous structure, with a BET surface area of 
-130 m 2 /g. The unevenly-shaped pores appeared to be interconnected and to have a wormlike 
characteristic. The irregularly-shaped pore openings were 3-6 nm in diameter, consistent with the 
BJH pore size distribution (centered at 4.0 nm) calculated from the adsorption branch of the Type 
IV nitrogen adsorption isotherm (Table 1). The pore walls of WZr-TMS14 measured 4-6 nm in 
thickness and contained crystalline grains of zirconia. The SAED pattern of WZr-TMS14 was 
similar to that of cubic zirconia nanoparticles, but the rings were more diffuse. 

Table 1. 

Surface areas and pore sizes of 600°C-calcined WZr-TMS 14 prepared with 



different tail 


slock copolymer templates. 


Surfactant template 


Average MW 
(g/mol) 


HEB 


BET surface 
area (m 2 /g) 


Average pore 
size (nm) 


EO5PO70EO5 (L121) 


4400 


1 


109 


6.5 


EO20PO70EO20 (P123) 


5750 


8 


130 


4.0 


EO106PO70EO106 (F127) 


12600 


22 


1 




EOnPOfioEOn (P103) 


4950 


9 


59 


3.5 


EO20PO39EO20 (P84) 


4200 


14 


14 


2.0 


EO63PO39EO63 (F87) 


7700 


24 


3 





Synthesis of nano- TiO 2 /ZrO2andAl 2 0^ZrO2 using surfactant templating 

The preparation of mesoporous tungstated titania (WTi-TMS14) and tungstated alumina 
(WA1-TMS14) followed the synthesis method for WZr-TMS 14 except that colloidal Ti0 2 and A1 2 Q 3 

20 were prepared and used. A solution of 2. 1 M Ti 4 * was prepared by adding 10 ml of TiCL* to 43.6 ml 
of water at 0°C under flowing argon. Aliquots of this stock solution were diluted to 0.44 M Ti 4 * 
with deionized water or with KOH solutions of varying concentrations (0.5, 1.0 and 1.5 M) just 
before use. A 0.45 M Al 3+ solution was obtained with A1C1 3 *6H 2 0 and NaOH addition at a 
NaOH/Al 3+ molar ratio of 2.2. The solution became cloudy immediately, but cleared up after 10 

25 days of v irring at room temperature to form a colloidal sol of [A104Ali 2 (OH)24(H20)i2] 7+ ("Al !3 ") 



polycats^as: The equivalent weight of metal oxide was, also used. The physical properties of the 
resulting materials are given in Tables 2 and 3 below. ^ * 

' \ ; fl*ble2. 

Physical properties of WTi-TMS14 prepared with different KOH solution concentrations. . 



KOH 
Concentration (M) 



Bragg spacing (m^ tSurface area 



Uncalcined 



Grain size Pore size 



Calcin 



m<7g 



(nm) 8 



(nm) 
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0.0 


8 3 




<1 






0.5 


10.3 




2 


<1.4 




1.0 


10.8 


9.8 


15 


<1.4 


4.4 


1.5 


10.8 


9.8 


126 


1.4 


3.9 


1.5 


10.8 


9.2 b 


168" 


1.6 b 


4.3 b 


1.5 


10.8 


c 


67 e 


6.3 *» 


8.1 c i 


a Calcination at 25( 


) °C in nitrogen, unless otherwise noted. 



" Calcination at 400 °C in air. 
c Calcination at 600 °C in air. 
d XRD peaks of hydrogen tungsten oxides present 



Table 3. 



10 



15 



20 



25 



s > 



Calcination temperature 
(°C) 


Bragg spacing 
(nm) 


Surface area 
Cm/g) 


Pore size 
(nm) 


As-synthesized 


14.0 






300 


12.1 


130 


6.7 


400 


10.9 


134 


6.7 


600 




~1 





Synthesis of nano-V 2 05/Zr02 using surfactant templating 

Surfactant-templated, mesoporous vanadated zirconia with nanoparticle support was 
prepared by combining a 3:1 (by weight) ratio of inorganic precursors-to-organic surfactant in 
aqueous solution. The inorganic contribution included 1 part (by weight of total batch composition) 
zirconia and 0.5 part ammonium metavanadate. The zirconium oxide precursor (ZrlO/20, from 
Nyacol Nanotechnologies, Inc.) consisted of a 20 wt% colloidal sol of 5-10 nm diameter (nominal) 
crystalline particles stabilized by 10 wt% nitric acid with pH -^0.5. The vanadium source was 
ammonium metavanadate (NH4VO3, Aldrich), a yellowish-white powder sparingly soluble in 
water. Assuming 5 nm diameter monodisperse particles of ZrC>2, ammonium metavanadate loading 
was chosen to yield 1.5 times monolayer coverage of V2O5 on ZrC>2 as based on Raman 
m Aurements of samples prepared using incipient wetness impregnation. The first step prepared a 
clear yellow solution of 0.01 molal NH4VO3 requiring several hours of stirring to reach total 
dissolution. The organic contribution was 0.5 part nonitfnic triblock polymer of average molecular 
formula EO20PO70EO20 (Pluronic P123, BASF). Pluronic P123 was dissolved in water at 
concentration below 10 wt% (solubility linS). 

Svnthesr consisted of briefly dissolving ammonium metavanadate in an aqueous solution 
of 9.1 wt% ^ronic P123 (overall mixture pH. -7) under ambient conditions in open air. Fast 
addition of 2£i0/26 to.the Stirred. Uquid initiated immediate pH reduction to ~3 and formation of a 
cloudy yellow-orangg Solution. T j3 solution was mixed for 2 hours and then left to quiescently age 
ander ambient conditions ovenn^tt. Triple repetition of S'ipernatant decant, residue wash, and 
centrifuge steps were followed, to purify the sample. Sample was dried overnight in air then 
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15 



20 



25 



30 



35 



40 



calcined at 500°C under static air conditions for 3 hours (3°C/minute) to remove the Pluronic P123 
surfactant Final black residue was ground into a fine powder. 

Additional data relating to the properties of surface-templated mesostructures prepared with 
various precursors is given in Table 4 below. 

Table 4. 



Oxide 
Composition 


Metal Oxide 
Precursor 


Bragg 
Spacing (nm) 


Ratio 0 


WO3/Z1O2 


Colloidal Z1O2 


11.5 


0.31" 


W0 3 /ZrO 2 


ZrO(N0 3 )2 


10.6 


2.45 


W0 3 /Zr0 2 


Z1CI4 


10.6 


4.41 


WO/TiOa 


Colloidal Ti0 2 


11.0 


0.90 


WO3/AI2O3 


Colloidal AI2O3 


13.2 


0.48 



EO20PO70EO20 surface template. 

b Before calcination. 

c Determined through HRTEM/EDS 

d Deviation from the bulk value (0.23) due to batch-to-batch variations. 

Catalysis 

We have discovered that catalysts formed according to the present techniques have 
unexpectedly enhanced catalytic properties, e.g. higher activities and ease in reducibility among 
others, that catalysts formed by conventional methods. For example, we have discovered that WZr- 
TMS14 has unexpectedly superior catalytic properties, as compared to conventional WO3/Z1O2 
catalysts (Table 5). In particular, WZr-TMS14, sometimes referred to as nano-WCVZrC^, was 
found to be ~7 times more active (per active site on the catalyst) than the conventional material for 
methanol oxidation, even after accounting for the higher surface area and greater WO3 content of 
nano-W03/Zr0 2 . Calculations of the adsorption constant Kads and kinetic rate constant for the 
surface decomposition step, k^, showed that methanol adsorbed less on nano-WC>3/Zr0 2 but 
reacted more quickly. This suggests that there are subtle differences in the chemical environment 
around the active sites of the respective WO3/Z1O2 catalysts. The higher activity was also reflected 
in methanol TPSR e:*periments, in which a lower peak temperature indicated higher activity. 
Interestingly, usihg dried colloidal Zr0 2 for impregnation lead to a material that behaved similarly 
to conventional WO3/Z1O2. This indicated that not only was the nature of the Z1O2 nanoparticles 
important to achieving the unusual catalytic properties, but that the synthesis route was also 
important ■ m ^ " « 

„ Table 5. 

Kinetic data for W0 3 /Zr0 2 prepared through impregnation of bulk Zr0 2 ("conventional 
W0 3 /Zr0 2 "), using Zr0 2 n|noparticles ( u nanoW03/Zr0 2 "), and through impregnation of dried Zr0 2 

i&noparticles ("nanoWOyZrO;! impregnated"). 



Catalyst 


At230°C^ 


SSL 




l^ds 

(O. . 


.kads 
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Conventional 
WO3/Z1O2 


0.77xl0 -3 


294 


34.3 


0.011 


1.136 


nano- 
WO3/ZJO2 


5.3xl0" 3 


248 


31.4 


0.197 


0.437 


nano- 
WO3/Z1O2 
impregnated 




290 


32.9 


0.014 





More evidence that the WO3 in nano-W0 3 /Zr0 2 behaves differently from that in 
conventional WO3/Z1O2 is shown in Table 6. Under propane oxidative dehydrogenation (ODH) 
conditions, the WO3 content of nanoWCVZrC^ was found to reduce nearly completely, based on 
UV-vis measurements. The WO3 was able to reduce readily because it was in polymerized form. 
What is surprising is that, at a calcination temperature of 600°C and at the high WO3 loading of 30 
wt%, the WO3 content should be crystalline and therefore should not reduce easily. The 5 wt% 
WO3 content in conventional WO3/Z1O2 is low enough to not form WO3 crystals at 500 °C and 
therefore remains polymerized. However, there is significantly less reduction. 

Table 6. 

Relative Extents of Reduction of the WO3-Z1O2 Catalysts at 





Reduction Extent 


Catalyst 


l:10C 3 H8/O 2 


1:5 C3IVO2 


3:1 CaHg/Oz 


1:10C 3 H8/He 


5WO3/Z1O2 


5.1 


6.8 


15.8 


20.9 


nanoWCV Zr0 2 


96.6 


98.7 


99.8 


99.9 



15 



20 



25 



Without being bound by any particular theory, it is believed that the use of nanoparticles as 
the support material can lead to supported metal oxide catalysts if (1) the nanoparticles remain 
unaggregated for as long as possible during catalyst formation, (2) the supported metal oxide 
polymerized species is situated in the gaps between the nanoparticles, and (3) a porous catalyst 
nanostructure is achievecj. _WZr-TMS14 is merely exemplary of a larger class of nanoparticle-based 
supported catalysts. The nanoparticle/surfactant templating chemistry of WZr-TMS14 is 3 

* spfcialized method of preparation, ■ ^ 

It is believed that any chemical method, such as sol-gel processing and precipitation, that 
produces nanoparticles can be modified with a second step, in which a metal salt precursor is 
carefully added after the nanoparticles are formed. Then either a drying technique or the addition of 
surfactant^ or other organics as pore-forming agents can give an analogous. catalyst \stxuc ture of 
polymerized metal oxids supported on nanoparticles. It is forther believed that nanoparticle-based 
supported metal oxide jprierials can be prepared with more than one type of active site, leading to 

- multifunctional catalysts, ard that such a material can be the foundation upon which additional 
active sites can be added after catalyst structure for^lfcra. 



9 



WO 2005/002714 PCT/US2004/0 17498 



10 



15 



20 



25 



30 



Our data indicated that nano-V 2 05/Zr0 2 reduced more easily than the conventional 
counterpart (Table 7), as was the case for nano-W03/Zr0 2 . Whereas nano-W03/Zr0 2 appeared to 
benefit from this for the acid-catalyzed dimethyl ether formation from methanol, this ease in 
reducibility did not benefit the oxidative formation of formaldehyde from methanol (as judged from 
methanol TPSR data, not shown). This is expected, because the active site for oxidation is the non- 
reduced V 2 05 active site. This tendency for reduction may be useful in reactions which require 
mild redox properties. 

Table 7. 



Catalyst 


Reduction '. 


Extent (%) 


C3H8/0 2 =l/5 


C3IVO2 = 1/1 


C3Hg/0 2 = 6/l 


18% CsHg/He 


Regular V 2 0 5 /Zr0 2 


8.2 


19.6 


29.9 


50.8 


Nano V 2 05/Zr0 2 


22 


38 


45 


69 



Synthesis of Catalyst using Sol-gel Processing 

A similar material can be produced by avoiding the regime of precipitation and focusing on 
conditions in which the Zr0 2 nanoparticles, vanadate precursor, and surfactant form a clear 
solution. Air-drying the solution at room temperature can remove the water, and force the 
formation of the organic-inorganic material (xerogel). Calcination removes the surfactant, to give 
porous nano-V 2 Os/Zr0 2 . Alternatively, supercritical drying can be employed in place of air-drying 
to remove the water, resulting in the formation of an aerogel. These methods provide a direct 
method for controlling the supported metal oxide loading, since all the precursor components are 
incorporated into the structure. Nano-MoOs/ZK^ and nano-Mo0 3 /Al 2 0 3 are other examples of 
present effective catalysts. 

Like the surfactant-templating technique, this sol-gel technique can be practiced using any 
desired catalytically active metal, including but not limited to vanadium, tungsten, niobium, tantalum, 
ihenium, and molybdenum (oxides including WO3, V 2 05, NbaOs, Ta 2 O s , Re0 2 , M0O3), any of which 
can beused alone or in combination with one or more of the others and metal non-oxides can be used. 
Precursors of flie catalytic material can be salts, metal alkoxides/and organometallic complexes and 
mixtures of these. .H* 

In sol-gel processing, % metal alkoxide or a metal salt hydrolyzes and condenses to form 
nanoparticles. These nanoparticles continue to grow, and .under appropriate time and synthesis 

conditions, can form a gel, in which the nanoparticles interconnect into a highly porous ^twork (which 

• - 

imbibes the synthesis fluid). The thus-fonned nsjipparticles can con$prise a substantially pure metal 
oxide, or can be a biend;of mel$ oxides! the precursor to the supported metal(s) can be introduced las 
a solution of the desired, metal oxide salt) after the formation of .the nanoparticles, after the 
formation of the nanoparticle clusters, or after the formation of the nanoparticle gel network. 
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If a colloidal sol of nanoparticles of the desired metal oxide is used, it is preferred that the 
nanoparticles be between 2 and 20 nm in diameter, more preferably between 2 and 10, and still 
more preferably between 5 and 10 nm in diameter. Colloidal sols of such particles are 
commercially available. 

5 The pore size of the compounds made using the sol-gel technique can be controlled through 

the use of appropriately sized porogens, or through specialized drying techniques, such as 
supercritical drying. Suitable porogens or pore-forming agents include cationic surfactants, anionic 
surfactants, zwitterionic surfactant charged polymers, charged proteins, inorganic species such 
as salts, and mixtures thereof. The porogen can be introduced after the formation of the 

10 nanoparticles, after the formation of the nanoparticle clusters, or after the formation of the 
nanoparticle gel network. 

An advantage of the sol-gel technique is that the amount of catalytically active metal in the 
final composition can be controlled precisely because all of the catalytically active metal that is 
present in the initial solution remains present in the final composition. In addition to allowing 

1 5 precise compositional control, the sol-gel technique allows the preparation of catalyst compositions 
that contain levels of the catalytically active metal that are outside the concentration range at which 
self-assembly of nanoparticles and surfactant occurs. 

In still further embodiments, the nanoparticle-based supported catalyst can be impregnated 
with another metal oxide or metal and/or non-surfactant polymers such as polyethylene oxide or 

20 other materials can be included in the mixture to serve as porogens. 

The present invention provides new structural properties resulting from the formation of a 
polymerized metal oxide. In addition, enhanced reducibility of supported catalysts and new 
catalytic properties that have not been attainable until now are made possible with the present 
invention. A further advantage is the economical method of catalyst preparation, which does not 

25 require a significant change in current catalyst processing. 

While Referred: embodiments, of this invention have been shown and described ^ 
modifications thereof can be made, by one skilled in the art without departing from the spirit or 
teaching of this invention. The embodiments described herein are exemplary only and are not 
limiting. Accordingly, the scope of protection is not limited to the embodiments described herein, 

30 but is only limited by the claims which follow, the scope of which shall include.all equivalents of the 
subject matter of the claims. /The sequential r^ation of steps in any method claim below, without 
more, is not intended to r^uw ' ^ ,V u 

be completed before coinmencement of another step. 
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